A combination of the preparation techniques for the ferroelectric films and the micro machining of Si is considered to be an effective way to fabricate microelectromechanical systems (MEMS), such as piezoelectric micro-transducer devices for the electrical and medical fields. In this study, disk shape lead zirconate titanate (PZT) thick films were successfully fabricated. 10-mm-thick PZT films were deposited onto Pt/Ti/ SiO 2 /Si substrate using a chemical solution deposition (CSD) process. Pt top electrode and PZT layer were etched by reactive ion etching (RIE) process, and 100 to 500-mm-diameter PZT thick film disks were fabricated. The relative dielectric constant, dissipation factor, remnant polarization and coercive field were " r ¼ 1130, tan ¼ 0:02, Pr ¼ 0:14 C/m 2 and Ec ¼ 2:5 MV/m, respectively. This means that the ferroelectric and dielectric properties of the PZT thick film disks were comparable with that of the bulk PZT ceramics. Moreover, the prepared PZT thick film disks showed the butterfly-shaped displacement curve, related with piezoelectric response, in the case of bipolar measurement. The PZT thick film disks could be poled with 80 V at room temperature, which is easier than the poling condition of bulk PZT. The piezoelectric constant of the poled PZT thick film disks was estimated to be AFM d 33 ¼ 221 pm/V. Therefore, the micro fabricated 10-mm-thick PZT disks is considered to be applicable for piezoelectric micro devices.
Introduction
Lead zirconate titanate (PZT) films are in demand for applications in many fields like memories, sensors and actuators. Combining the preparation technique for ferroelectric films with a Si micro-machining process is an effective way to fabricate microelectromechanical systems (MEMS), such as piezoelectric micro-actuator devices for electrical and medical fields. 1, 2) However, the amount of the displacement and force of PZT films is not sufficient in some applications, so that various processes were investigated to fabricate thick PZT films, with thickness varied from 5 to 100 mm. [3] [4] [5] [6] [7] [8] On the other hand, a low process temperature for the PZT thick films is required to ensure compatibility with the Si micro-machining process. In the case of thick films prepared by the powder source technique, such as screenprinting, 1, 9) the usual firing temperature is more than 800 C. On the other hand, thin film preparation processes using chemical solutions, like sol-gel, have the advantage of a low firing temperature and dense microstructure despite the low film deposition rate.
3) Therefore, a chemical solution deposition (CSD) process is considered to be an attractive way to ensure compatibility with the Si micro-machining process and to fabricate MEMS devices. We investigate preparation process of PZT thick films using CSD process and successfully prepare more than 10-mm-thick PZT films with dense microstructure. 10) In this study, 10-mm-thick PZT films were deposited onto Pt/Ti/SiO 2 /Si substrate using CSD process. Pt top electrode and PZT layer were etched by reactive ion etching (RIE) process, and 100 to 500-mm-diameter PZT thick film disks were fabricated. A ferroelectric polarizationfield (P-E) hysteresis curve and a longitudinal displacement property were dynamically measured by an atomic force microscope (AFM) connected with a ferroelectric test system. The piezoelectric constant of the prepared PZT thick film disks were evaluated to clear the feasibility of the piezoelectric film devices.
Experimental Procedure
Trihydrated lead acetate (99.9%, Nakarai tesque), titanium iso-propoxide (97%, Kanto chemical) and zirconium npropoxide (70% in propanol, Gelest) were used as starting materials, and 2-methoxyethanol (99.7%, Aldrich) was used as a solvent to prepare the CSD precursor solutions. The Zr/ Ti ratio was 53/47, which corresponds to the morphotropicphase-boundary (MPB), and 10 mol% excess Pb was added to the solution. The nominal composition of the precursor solution was equivalent to that of Pb 1:1 (Zr 0:53 Ti 0:47 )O 3 . Details of the precursor solution preparation process are described elsewhere.
11) The concentration of the Pb-Zr-Ti precursor solution was controlled at 0.5 kmol/m 3 . Figure 1 shows the preparation process of the PZT thick films. First, the precursor solution was deposited on a Pt/Ti/SiO 2 /Si substrate using a spin coater operating at 3000 rpm for 40 s. A sequence of spin coating, drying at 120 C for 1 min and pyrolysis treatment at 500 C for 3 min was performed five times, and the samples were fired at 700 C for 5 min in O 2 flow. This sequence was repeated 30 times to fabricate crackfree 10 mm-thick PZT films.
A Pt top electrode layer was sputter-deposited on the prepared PZT thick films, and the Pt layer and PZT layer were etched by reactive ion etching (RIE, Plasmalab-80plus, Oxford Instrument) process to fabricate 100 to 500-mmdiameter PZT thick film disks. The detail of this etching process is described later. The dielectric permitivity was measured using a LCR meter (HP4284A) at 10 kHz-10 mV. An AFM probing system (Nano-R, Toyo Corporation) was connected with a ferroelectric test system (FCE-PZ, Toyo Corporation) to measure P-E hysteresis curves and longitudinal displacement-field curves simultaneously with an AFM conductive cantilever. Bipolar and unipolar drive voltages with 5 Hz were applied to the samples to measure longitudinal displacement using a PID controlled Z-feedback signal of the AFM cantilever. After bipolar measurement, samples were driven by unipolar signal to estimate a longitudinal piezoelectric constant defined as AFM d 33 .
Results and Discussion

Fabrication of PZT thick film disk structure
The prepared 10 mm-thick PZT film showed (100) preferred orientation with flat surface and dense microstructure as describing elsewhere. 10) To fabricate 100 to 500-mmdiameter PZT thick film disks, a photolithography process was used. A thick photo resist was spin-coated onto Pt coated PZT thick films, and the Pt top electrode layer and PZT layer were etched using a plasma process. In etching process, applied RF power was 100-300 W, and gas pressure of the reactive chamber was 4 Pa. The Pt layer was etched with Ar plasma, and an etching rate was about 15 nm/min. For the PZT layer, a reactive ion etching (RIE) process with Ar/ CHF 3 mixture gas was used, and an etching rate was about 1 mm/h. Figure 2 shows a schematic illustration of the fabricated PZT thick film disks and a laser microscope image of the prepared 300-mm-diameter PZT disk.
Ferroelectric and piezoelectric properties
The relative dielectric constant and dissipation factor of fabricated PZT thick film disks were " r ¼ 1130 and tan ¼ 0:02, respectively. The dielectric properties are considered to be better, higher " r and lower tan , than those of previously reported PZT thick films. 6, 7) In the case of ferroelectric properties, the values of remnant polarization (Pr) and coercive field (Ec) did not change remarkably when the prepared disk diameter decreased from 500 to 100 mm. However, the disk samples of which diameter was larger than 100 mm showed downward longitudinal displacements whereas the 100-mm-diameter disk samples showed upward longitudinal displacement, because the top electrode diameter affected the displacement property of the PZT thick film disks as we described elsewhere. 12, 13) Therefore, the ferroelectric and piezoelectric properties were evaluated for the 100-mm-diameter PZT thick film disk to determine the piezoelectric constant. Figure 3 shows P-E hysteresis curve and bipolar driven longitudinal displacement curve of the 100-mm-diameter PZT thick film disks measured with the AFM simultaneously. Shape of the hysteresis curve is well saturated in spite of a relatively low applied field. The remnant polarization and coercive field were Pr = 0.14 C/m 2 and Ec = 2.5 MV/m, respectively. The value of Pr is relatively higher than that of screen-printed PZT thick films. 6) However, the value is lower than that of bulk PZT ceramics because the texture oriented direction of the prepared PZT thick film, [100] , is different from the polarization direction of MPB phase PZT, [001] . 14) On the other hand, the value of Ec is comparable to that of bulk PZT ceramics, and it is relatively low compared with that of the reported PZT thick films. 7, 8) These results suggest that the ferroelectric and dielectric properties of the PZT thick film disks were consistent with those of the bulk PZT ceramics. Moreover, it can be seen that the PZT thick film disks showed the butterfly-shaped displacement curve, related with piezoelectric response. The maximum amount of the displacement was about 20 nm. This means that the fabricated PZT disks exhibit piezoelectric properties with ferroelectricity. Figure 4 shows unipolar driven longitudinal strain for the 100-mm-diameter PZT thick film disks at 80 V and 20 V. The strain curve was saturated at a high-applied field and showed hysteresis at 80 V. However, when applied voltage was 20 V, which corresponded to lower than Ec, the strain behaved linearly with respect to the applied field. Therefore, the longitudinal piezoelectric constant defined as AFM d 33 was calculated from the strain curve slope. To increase the piezoelectric constant, effect of poling was investigated. A DC voltage with 80 V, which is about three times higher than Ec, was applied to the disk samples at room temperature. After the voltage kept a few minutes, unipolar driven longitudinal strain at 20 V was measured to calculate AFM d 33 . Figure 5 shows the effect of poling time on AFM d 33 of the 100-mm-diameter PZT thick film disks. With increasing the poling time to 6 min, AFM d 33 increases to about 200 pm/V. The amount of AFM d 33 is saturated when the poling time is longer than 6 min. This means that the prepared films can be poled with relatively low voltage at room temperature, while the bulk PZT requires more than 1000 V at more than 100 C to pole. The piezoelectric constant of the 100-mm-diameter PZT thick film disks poled for 10 min was about AFM d 33 ¼ 221 pm/V. This value is comparable with that of the bulk PZT. 15) These results suggest that the micro fabricated 10-mm-thick PZT disks are applicable for piezoelectric micro devices such as micro actuator and transducer.
Conclusion
A 10-mm-thick PZT film disk preparation process was investigated using the dry etching process, and 100 to 500-mm-diameter Pb 1:1 (Zr 0:53 Ti 0:47 )O 3 thick film disks were successfully fabricated. The relative dielectric constant, dissipation factor, remnant polarization and coercive field were " r ¼ 1130, tan ¼ 0:02, Pr ¼ 0:14 C/m 2 and Ec ¼ 2:5 MV/m, respectively. The longitudinal field-induced displacement of the PZT thick film disks was measured using an AFM with bipolar and unipolar applied voltage. The prepared disks showed the butterfly-shaped displacement curve related with piezoelectric response. The PZT thick film disks were poled easier than the bulk PZT. The piezoelectric constant of the poled PZT disks was estimated to be AFM d 33 ¼ 221 pm/V. Therefore, the micro fabricated 10-mm-thick PZT disks can be applicable for piezoelectric micro devices. Ferroelectric and Piezoelectric Properties of Disk Shape Lead Zirconate Titanate Thick Films 235
